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Radial head hemiarthroplasty design has been extensively studied with a focus on utilizing the 
geometrical characteristics of the native radial dish as a guide of implant placement and design. 
Although implant design has been studied, optimal radial head implant fixation technique 
remains unknown. This thesis focused on the effect of stem fit on radiocapitellar contact 
mechanics, using both finite element and experimental bench-top approaches. Additionally, 
investigation into the impact of varus/valgus malalignment of the radial head in both the native 
state and following hemiarthroplasty was conducted. It was found that loose fitting a smooth 
stem axisymmetric radial head implant through over reaming between 2 to 3 mm provided the 
greatest improvement in contact mechanics, which included contact area, threshold area, and 
average contact pressure. Additionally, the work in this thesis indicated that over reaming of 3 
mm following malalignment into varus and valgus positions may help to preserve the remaining 
native capitellar cartilage. 
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This thesis focuses on the biomechanics of radial head hemiarthroplasties, with special 
interest in the impact of stem fit on radiocapitellar contact mechanics. This chapter 
reviews the radiocapitellar joint in terms of its anatomy, physiology, biomechanics and 
kinematics. A summary of radial head implant head morphology, design and 
biomechanics is also described. Additionally, insight into the need for replacement of the 
radial head and a review of recent biomechanical studies regarding radial head 
hemiarthroplasty is provided. The current state of literature regarding finite element 
modelling of radial head hemiarthroplasty is also described. Finally, the rationale, 













1.1 Elbow Anatomy 
The elbow joint serves as the link in the upper extremity between the shoulder and the hand, with 
three primary articulations providing joint movement. The constraint of the elbow can be 
primarily attributed to the cartilaginous articulations between the three bones that comprise the 
joint. Soft tissue structures including muscles, tendons, and ligaments work in conjunction to 
permit elbow motion in multiple planes of action. As elbow stability is a symbiotic relationship 
between all the aforementioned components of elbow anatomy, deficiency of any of these 
elements due to injury or disease may result in sub-optimal elbow function and abnormal 
kinematics. To have a full understanding of the biomechanics of the elbow the joint must be 
subdivided into three components; (i) osseous anatomy, (ii) passive soft tissue and (iii) active 
musculature.  
1.2 Osseous Anatomy 
The elbow joint is comprised of three bones; the humerus, the radius, and the ulna, which are 
located in the upper, medial, and lateral forearm respectively (Figure 1-1)38. Three articulations 
exist between the distal humerus, the proximal radius, and the proximal ulna which prescribe the 
movement of the elbow joint. These articulations include the ulnohumeral joint, the 
radiocapitellar joint, and the proximal radioulnar joint38. The ulnohumeral joint is a hinge joint 
defined by the articulation between the ulnar greater sigmoid notch and the humeral trochlea. 
The radiocapitellar joint is defined by the articulation between the articular cartilage of the 
convex capitellum with the concave articular surface of the radial head. The proximal radioulnar 
joint is defined as the articulation between the outer circumference of the radial head and the 









Figure 1-1: Elbow Joint Orientation 
The orientation and alignment of the humerus, ulna, and radius that comprise the elbow joint are 
shown. The three joints created by articulations of these bones are the radiocapitellar joint, the 








The structure of the distal humerus includes two condyles on the anterior aspect, the first of 
which is located medially and articulates with the ulna, the trochlea, and the laterally positioned 
capitellum, which articulates with the radial head32 (Figure 1-2). Two ligamentous attachment 
points are located on the distal end of the humerus at the furthest lateral and medial points; the 
medial and lateral epicondyles, respectively14,32. Anteriorly, the radial and coronoid fossae serve 
to accommodate the radial head of the radius and coronoid process of the ulna, respectively, 
when the elbow is in flexion. Located on the posterior aspect of the distal humerus, the olecranon 

















Figure 1-2: Bony Anatomy of the Humerus 












Proximally, the ulna exhibits the coronoid and olecranon processes. The greater sigmoid notch is 
defined as the arc that joins these two articulating surfaces and creates an angle of approximately 
30° with the ulnar shaft4,14. The greater sigmoid notch contributes to elbow stability via its 
articulation with the trochlea of the humerus. The lesser sigmoid notch articulates with the radial 













Figure 1-3: Bony Anatomy of the Ulna 











1.3 The Radial Head  
The radial head serves as a principal bony stabilizer of the elbow and carries the greatest 
proportion of loading with the arm in pronation32. The radial head is additionally considered a 
secondary stabilizer in preventing elbow dislocation under valgus stress, particularly in the case 
of MCL deficiency32.  
Located on the proximal end of the radius, the radial head is defined by its cylindrical shape and 
its long axis making a 15° angle with the radial shaft4. The radial head consists of a concave dish, 
lined with hyaline cartilage, that articulates with the capitellum14,35. The radius has two 
articulations with the ulna. Proximally, the posteromedial radius articulates with the radial notch 
of the ulna and distally, the ulnar notch of the radius articulates with the ulnar head14,32,35.  
1.4 Morphology of the Radial Head 
The elliptical shape of the radial head allows for the radius to track along the ellipsoid-like 
capitellum as the elbow moves through flexion/extension and pronation/supination41. Further 
study has confirmed variations in length between the major and minor axis23,39,45. The radial head 
consists of a flat and tall articular portion, which articulates with the ulna, while the non-articular 




Figure 1-4: Bony Anatomy of the Radius 
Anterior view of the bony anatomy of the proximal radius with highlighted radial head and 









1.5 Soft Tissue  
The primary soft tissue stabilizers of the elbow joint are the lateral and medial collateral 
ligaments of the elbow (Figure 1-5).  
The medial collateral ligament is separated into three bundles: the anterior, posterior, and 
transverse bundles. The anterior bundle of the ulnar collateral ligament originates at the anterior 
aspect of the medial epicondyle and has an insertion point at the medial coronoid margin10,32. 
This bundle serves as the most important stabilizing ligament in the elbow15. The posterior 
bundle originates at the posteroinferior aspect of the medial epicondyle and extends through its 
insertion point at the medial margin of the olecranon15. The transverse bundle of the medial 
collateral ligament has an origin at the coronoid process and inserts at the olecranon33.  
The lateral collateral ligament is separated into three specific sections: the radial collateral 
ligament, the lateral ulnar collateral ligament, and the annular ligament33,36. The radial collateral 
ligament has an origin at the anteroinferior aspect of the lateral epicondyle and inserts into the 
annular ligament. The lateral ulnar collateral ligament originates at the anteroinferior aspect of 
the lateral epicondyle and inserts at the supinator crest of the ulna. The annular ligament 
encircles the radial head, with insertion points at the lesser sigmoid notch of the ulna both 




Figure 1-5: Ligaments of the Elbow 
(A) Medial view of a right elbow showing the medial collateral ligament (MCL) and (B) lateral 




1.6 Musculature  
The elbow has three distinct groups of muscles that can be distinguished: the flexors/extensors of 
the wrist, the flexor muscles of the elbow, and the extensor muscles of the elbow4 (Figure 1-6). 
These muscle groups act both as dynamic stabilizers, providing compressive force to the joint in 
addition to their role in elbow movement. Increased joint stability has been shown to occur due 
to these compressive forces, specifically at the articulation between the humerus and the radial 
head and coronoid process19.  
The triceps brachii is the most important extensor of the elbow, originating from its three 
proximal heads and inserting on the tip of the olecranon. The anconeus muscle, which serves to 
stabilize the elbow, is traditionally described as an extensor of the elbow. It originates from the 
lateral epicondyle and inserts posterolateral on the proximal ulna, with a triangular shape4.  
The three primary flexors of the elbow are the brachialis, the biceps brachii, and the 
brachioradialis muscles18. The brachialis has the largest cross-sectional area of these flexor 
muscles, but as it crosses close to the axis of rotation, it suffers from a poor mechanical 
advantage32. It has two origins at both the humerus and the intermuscular septum and inserts 
anteriorly on the proximal ulna4. The brachialis has also been shown to be a key contributor in 
stability, acting as a stabilizer against posterior subluxation22.  The biceps brachii muscle has a 
two-headed origin, with the short head originating from the coracoid process and inserting 
distally to the radial tuberosity, and the long head originating from the superior glenoid tubercle 
and inserting on the radial tuberosity. The short head serves as a stronger flexor relative to the 
brachialis, while the long head acts as an effective supinator4. With the greatest mechanical 
advantage of the flexor muscles, the brachioradialis muscle runs across the elbow, originating 
from the intermuscular septum and the lateral aspect of the distal humerus and inserting on the 
distal radius. In addition to serving as a flexor, the brachioradialis contributes to the pronation of 
the forearm from a supinated position4.  
The extensor muscles of the wrist and hand share a common origin at the lateral epicondyle. The 
extensor carpi radialis brevis, the extensor digitorum communis, the extensor digiti minimi, and 
the extensor carpi ulnaris coalesce at the elbow into a common tendon18. The supinator has a 
complex origin on the ulna, the lateral epicondyle, and the annular ligament and inserts on the 
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lateral proximal third of the radius. The extensor carpi radialis longus originates just below the 
origin of the brachioradialis on the supracondylar bony ridge4.  
The common flexor tendon is formed at the medial epicondyle by the proximal insertion of the 
pronator teres, flexor carpi radialis, parlmaris longus (absent in 15% of normal individuals), 
flexor digitorum superficialis and profundus, and the flexor carpi ulnaris4,42. The pronator teres 























Figure 1-6: Myology of the Elbow 
(A) Anterior lateral view of upper arm muscles, (B) posterior view of upper arm muscles, (C) 
palmar view of forearm superficial muscles, (D) dorsal view of forearm superficial muscles, (E) 
palmar view of forearm deep muscles, and (F) dorsal view of forearm deep muscles (“Upper 
extremity muscle anatomy muscles of the pectoral girdle and upper limbs anatomy and – upper 
extremity muscle anatomy,” 2016). 
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1.7 Biomechanics and Kinematics of the Elbow Joint 
1.7.1 Kinematics 
Permitting primarily 2 degrees of freedom, the elbow joint is described as a trochoginglymoid 
joint. Axial rotation is facilitated by the radiocapitellar and radioulnar joints while the 
ulnohumeral joint acts as a hinge joint to permit flexion and extension32. The ulnohumeral joint 
has also been identified as a sloppy hinge joint as it has slight laxity resulting in the flexion axis 
varying slightly and not remaining at a fixed location11. The axis about which the elbow flexes 
passes through the center of the capitellum through to the center of the greater sigmoid notch of 
the ulna6.  
In 1981, Morrey et al. determined that most essential daily activities typically require elbow 
flexion between 30° and 130°2. Typical full elbow flexion-extension range of motion is between 
0° and 150° for extension and flexion14,32 (Figure 1-7). A pivot or rotation of the forearm is 
permitted by the radial head and proximal ulna, which make up the proximal radial ulnar joint 
(PRUJ). Forearm rotation occurs along an axis that extends from the center of the radial head 
through the center of the distal ulna, with the average forearm permitting 70° in pronation to 85° 
in supination3,16. Most activities of daily living fall between 50° forearm pronation to 50° of 
supination32. Mild inherent laxity is often observed in the elbow joint when moving through 
flexion/extension and pronation/supination. Translations as a result of laxity can be seen in the 





























Figure 1-7: Flexion-Extension of the Elbow 





1.7.2 Carrying Angle 
The carrying angle of the arm is defined as the angle formed between the long axis of the 
humerus and the long axis of the forearm in full extension32. The mean carrying angle for men is 
approximately 11-14° and 13-16° in women, with the dominant arm having an angle of 
approximately 1° more compared to the non-dominant side32,37,46,49. The carrying angle is greatly 
affected by flexion/extension with valgus orientation occurring in extension and varus 
orientation when the arm is in flexion2.  
1.8 Radial Head Arthroplasty 
Accounting for almost one-third of all elbow fractures, radial head fractures are a prevalent 
upper limb injury29. Although the primary treatment for displaced radial head fractures is 
surgical repair, 18% of radial head fractures are comminuted, making repair non-reliable20. If 
radial head reconstruction cannot be performed, radial head hemiarthroplasty is commonly done. 
This is the substitution of the native radial head with a prosthesis, which articulates with the 
native capitellum. The most common form of trauma resulting in fracture is a fall with an 
outstretched arm while the elbow is in a slightly flexed and pronated position. The impact of 
such a fall results in an axial load on the eccentric radial head. This axial load causes the 
posterolateral portion of the radial head to strike the capitellum, oftentimes resulting in an 
anterolateral fragment of the radial head breaking off7. Valgus and axial loading injuries are 
other common mechanisms of radial head fracture.  
1.8.1 Classification of Radial Head Fracture 
Radial head fractures have an incidence of 30 per 100,000 persons per year12. The most common 
classification of radial head fractures is the Mason system29.  As further defined by Johnston and 
modified by Broberg and Morrey, the Modified Mason classification system consists of Type I 
(less than 2 mm of displacement), Type II (>2mm of displacement and/or involves 30% or more 
of the joint surface), Type III (comminuted), and Type IV (any of Type I, II, III with 




1.8.2 Indications for Radial Head Arthroplasty 
Ring et al. found that in cases where more than three fragments are present there is a higher 
correlation with suboptimal post-operative results following internal fixation40. Indications for 
radial head replacement have been identified as fractures of more than three pieces, fractures 
where >30% of the articular surface is involved in the setting of elbow instability, and fractures 
where open reduction internal fixation is not possible5.  
1.8.3 Radial Head Implant Morphology, Design & Biomechanics 
The morphological features of the radial head have been extensively studied with a focus on the 
geometric characteristics of the native radial head dish used as a guide for radial head implant 
placement and design. Joint kinematics and articular contact are affected by altering the 
morphological features and materials of radial head implants.  
Recent work by Yeung et al. utilized CT scans to generate three-dimensional cartilage and 
subchondral bone surface models to acquire cartilage thickness measurements with a focus on 
the periphery of the radial head and within the articular dish47. Regional variations were found 
within the rim of the articular dish with the thickest region located anteriorly and the thinnest 
region laterally. Such regional variations have strong implications concerning radial head 
arthroplasty as anatomic implant designs that account for such subtle contours may restore 
radiocapitellar concavity-compression stability more effectively.  
Recent studies have focused on the biomechanical characteristics of bipolar relative to 
monopolar radial head systems. Benchtop cadaver-based models showed bipolar devices 
facilitated subluxation, potentially compromising concavity compression whereas the monopolar 
conferred stability (against subluxation) similar to the native case30. This instability with the 
bipolar design was confirmed by Chanlalit and co-workers with a similar experimental model, 
demonstrating advantages of the bipolar design with regard to tracking due to head tilting 
action8. Furthermore, it was also demonstrated that an anatomic shaped radial head implant had 
similar stability to the intact case and was more stable than one design of a classically used non-




Figure 1-8: Radial Head Implants  
(A) Evolve Proline Radial Head System with axisymmetric head and smooth stem (Wright 
Medical Technology, Arlington, TN, USA), (B) bipolar axisymmetric radial head implant system 
with short and long stem designs (Tornier, Stafford, TX, USA), and (C) Anatomic Radial head 










Bipolar implant positioning has been recently evaluated by Moungondo et al. demonstrating that 
bipolar devices are adaptable with regards to ensuring articular contact was not affected by joint 
position, but with this comes a tendency for abnormal alignment of the implant34. Furthering this, 
Yian et al. employed an experimental model to demonstrated some of the advantages self-
alignment bipolar implants offer, which can be difficult to achieve with rigidly fixed implants48. 
This is important as precise implant positioning is difficult to be properly achieved at surgery48.  
The role of soft tissues with regards to the stability of the elbow in both the intact and implant-
reconstructed elbow has been investigated in a wide range of previous studies. Chalalit et al. 
employed a bench-top model which showed that soft tissue restraint was most important in 
conditions when a bipolar implant was used, though much of the stability of the radiocapitellar 
joint was derived from the concavity compression of the dish of the implant9. The soft tissues 
played a diminished role when evaluated for both the monopolar radial head and in the native 
state with stability being provided primarily by the concavity compression. Furthermore, an 
examination into the influence of radius of curvature and depth of the articular dish of monopolar 
radial head implants with the effect on stability was done. Results indicated that deeper-dished 
“anatomic” implant design had stability more closely matching that of the native head relative to 
a shallow axisymmetric implant with a larger radius of curvature9. 
1.8.4 Radial Head Implant Fixation 
Optimal radial head implant fixation technique remains unknown. Due to the native radial head 
being elliptical and eccentric (to the shaft of the neck), when using an axisymmetric implant, 
uncemented fixation is commonly used. Alternately, bipolar concepts are employed to ensure 
congruent tracking of the radial dish with the native capitellum. Currently, one commercially 
available implant design attempts to replicate the axisymmetric shape of the proximal radius. To 
ensure correct implant orientation, reducing the chance of mal tracking on the capitellum, this 
implant requires rigid stem fixation, which is achieved by cementing the stem, or by the porous 
surfaces achieving osseointegration. Though it is clear that successful ingrowth or on growth for 
uncemented stems requires minimal interface micromotion after implantation, little is known 
about this mode of fixation for radial head implants. It is generally accepted that oversizing of 
the stem relative to the canal may have beneficial effects when attempting to achieve a solid 
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press-fit. Fracture is a potential risk associated with this, however, similar to intramedullary stem 
insertion of uncemented devices in other joints (i.e. in the femur and humerus). Such risk is 
accentuated by the shape of the host canal as well as the tapered shape of the stem.  
Work by Chanlalit and colleagues has evaluated the relationship between the effect of stem size 
on the initial stability of the implant, specifically the impact of stem oversizing and the impact on 
bone fracture due to hoop stresses9. Based on this work, the authors concluded that small 
fractures due to hoop stresses in the cortical shell did not result in excessive micromotion and 
subsequent loss of stability, indicating this may be acceptable clinically. Ferreira et al. 
investigated the effect of stem shape (straight vs. tapered), length, and size on the stability of 
radial head implants under eccentric axial loads using a cadaver-based model13. The most 
important parameter concerning initial stability was demonstrated to be to ensure that canal 
filling is achieved as stem length and taper did not have a significant effect. Similarly, Moon and 
colleagues employed a benchtop model to determine the micromotion of press-fit radial head 
implant stems, specifically assessing the impact of rasp size and insertion force30. The 
experimental outcome demonstrated that micromotion was minimized by reaming the canal and 
employing larger stem diameters.  
Stem canal preparation method has been examined by Shukla and co-workers with a cadaver-
based study to compare the stability of reaming versus rasping of the proximal radius for 
cementless implant stems in paired specimens43. Initial stability was found to be similar 
following reaming and rasping, while canal preparation with a reamer allowed for implantation 
of a 1 mm larger stem relative to rasping. Shukla and co-workers concluded that the insertion of 
larger stem sizes is achievable with reaming. As a whole, recent work has indicated that initial 
fixation of an uncemented press-fit radial head implant is best achieved by selecting a stem size 
that optimizes canal filling (with respect to the cross-sectional dimensions), although clinical 
studies are needed to determine the longer-term effect of stem size on implant fixation and 
performance43.  
A surgical approach that has been employed that strives to ensure implant articular tracking as an 
alternative to bipolar implant use is over reaming of the radial head stem canal (Figure 1-9). 
Work my Marsh et al. downsized the stem by 1 mm relative to canal reaming diameter to allow 
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the circular, axisymmetric radial head hemiarthroplasty to move within the canal in order to align 
with the capitellum through range of motion28. Over the course of the 8 year mean follow up 
following hemiarthroplasty, none of the 55 patients had the implant removed or revised. This 
allowed for the conclusion that the use of a smooth-stemmed modular metallic radial head 
implant, which is implanted 1 mm loose fit is a safe and reliable treatment option for 
















Figure 1-9: Example of Loose Fitting Radial Head Hemiarthroplasty 










Recent work by Moon et al. (2019) investigated the impact of stem length and neck resection on 
fixation strength of press-fit radial head prosthesis31. This in vitro study indicated that length of 
stem affects the initial stability of such implants when neck resection level is at 10 mm (the 
minimum) for currently available prosthetic designs31. Furthermore, the study indicated that at 
the minimum resection level stems that are 25 mm or greater showed higher initial stability, 
although for all lengths tested mean micromotion values were in the bone ingrowth threshold31.  
Lalone and colleagues examined the morphology of the radial head with a special interest in the 
design of a population-based and patient-specific radial head implants24. Using computer-
tomography (CT) derived models, it was shown that the mismatch for the existing commercially 
available axisymmetric implants was higher relative to the population-based and patient-specific 
designs.  
1.8.5 Implant Alignment (Varus-Valgus Angulation) 
It has been demonstrated that radiocapitellar subluxation due to malalignment or instability of 
radial head implants may lead to increased cartilage wear as a result of maltracking48. As King et 
al. reported, radial head replacement with a metallic implant provides improved valgus stability 
when medial collateral ligament deficiency is present with similar laxity of an intact radial 
head21. 
1.9 Finite Element Analysis 
Finite element methods (as employed in this thesis) have been utilized to investigate a variety of 
radial head hemiarthroplasty related concepts. Langohr et al. conducted a finite element study to 
compared the contact mechanics of axisymmetric and non-axisymmetric radial head implant dish 
geometrics relative to each other and the native radiocapitellar joint26. Cadaveric CT data for 15 
specimens were used to develop finite element models to assess the contact mechanics under the 
same conditions. This study indicated that although a non-axisymmetric dish can provide 
improved contact mechanics, however, such implant designs may be susceptible to impingement 
phenomena, leading to less favorable contact mechanics than an axisymmetric design25.  
Langohr et al. also investigated the impact of varying articular profiles (14) of different radial 
head implants have on joint PRUJ contact area and peak contact stress27. The capitellar contact 
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of the native radial head as well as the various radial head prosthesis was simulated using CT 
derived models (n=14) with an optimal profile for the side radius of these prostheses was 
determined to be 8.1 mm. This study determined that side radius can affect contact mechanics, 
with the greater effect being seen in peak contact stress then peak contact area27.  
Irish et al. conducted a finite element study investigating the impact of radial head implant dish 
depth of radiocapitellar joint contact mechanics17. Using a similar method to Langohr et al. 
(2016) 13 CT derived models were created with the native tested and compared against 5 varying 
dish depths of an axisymmetric radial head prosthesis model17,27. It was found that contact 
mechanics were dependent on radial head prosthesis dish depth, with an optimal dish depth at 
approximately 2 mm for the implant studied17.  
1.10 Thesis Rationale 
The optimal fixation technique of radial head prostheses in the proximal radius currently falls to 
surgeon preference. A variety of techniques are currently being utilized due to a lack of 
consensus, with patients receiving either tight ‘fixed’ ingrowth stems, cemented stems, or 
smooth ‘size-for-size’ or ‘loose’ fit stems. Recently, it has been reported that rigidly fixing radial 
head prostheses may increase the risk of revision and complications following hemiarthroplasty1. 
Additionally, it has been suggested that loose fitting smooth stem radial head prostheses may 
result in function more similar to a bipolar implant, with the implant allowing the concave 
articular surface to adjust to the spherical capitellum. Investigation into the impacts of loose-
fitting smooth stem axisymmetric implants on radiocapitellar contact mechanics (both contact 
area and contact stress) was the focus of this thesis, with the evaluation of optimally positioned 
implants as well as the impact of varus and valgus malalignment. It is essential to determine the 
implications of loose-fitting smooth stem radial head prosthesis as the impact of fixation 
technique on radiocapitellar biomechanics may have significant postoperative effects on implant 




1.11 Objective & Hypothesis 
The specific objectives of this research were: 
1. to quantify the effect of radial head hemiarthroplasty stem fit using computational 
modeling for a series of computerized tomography (CT) specimens, 
2. to validate the outcomes of quantifying radial head hemiarthroplasty stem fit 
computationally through a bench top cadaveric study, 
3. to assess the implications of malalignment of an axisymmetric radial head 
hemiarthroplasty implant in varus or valgus for press-fit and loose-fit (over reamed) stem 
fits (comparison against native is also present). 
The hypotheses were: 
1. a loose stem fit would be advantageous in terms of radiocapitellar contact mechanics, 
with a reduction in radiocapitellar joint incongruency, increased contact area, and 
decreased contact stress, by virtue of the ability of the loose implant to find its ‘optimal’ 
position against the native capitellum. 
2. trends between the computational and bench top cadaveric studies will be consistent with 
the greatest improvement in contact mechanics being present when the elbow is nearest 
the maximum position of flexion and extension. 
3. i) surgical malalignment of axisymmetric radial head implants into the varus and valgus 
positions will result in increased contact stress and decreased contact area  
ii) loose-fit stem fixation will provide improved contact mechanics relative to the fixed 







1.12 Thesis Overview 
Chapter 2 describes the process of quantifying the effect of stem fit on radiocapitellar contact 
mechanics of a metallic axisymmetric radial head hemiarthroplasty using finite element 
modeling through various flexion positions.  
Chapter 3 investigates further the effect of stem fit on radiocapitellar contact mechanics using a 
benchtop study to assess trends across flexion angles between native and loose fit implants. 
Chapter 4 describes the investigation of varus/valgus malalignment of radial head 
hemiarthroplasty implants on joint contact mechanics. Additionally, the impact of loose stem 
fitting in situations where varus/valgus malalignment is present is assessed.  
Chapter 5 provides a general discussion of this dissertation's work, including an association 
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2 The Effect of Stem Fit on the Radiocapitellar Contact Mechanics 
of a Metallic Axisymmetric Radial Head Hemiarthroplasty: Is 
Loose Fit better than Rigidly Fixed? 
OVERVIEW 
This chapter focuses on the effect of stem fit on radiocapitellar contact mechanics of a 
metallic axisymmetric radial head hemiarthroplasty implant. The rationale behind rigidly 
fixed and loose fitting of radial head implants during hemiarthroplasty is discussed, as 
well as an assessment of whether a loose fit is better than implants which are rigidly 
fixed. An overview of the finite element analysis conducted to examine implant fit efficacy 











1 A version of this work has been published: Szmit J, King GJW, Johnson JA, Langohr GDG. The effect of stem fit 
on the radiocapitellar contact mechanics of a metallic axisymmetric radial head hemiarthroplasty: is loose fit better 
than rigidly fixed? J.Shoulder Elb. Surg. 2019;28(12). doi:10.1016/j.jse.2019.05.019 
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2.1 Introduction  
Radial head hemiarthroplasty is commonly employed to manage comminuted displaced, 
unreconstructable radial head fractures, during which a prosthesis is substituted for the excised 
radial head in an attempt to restore elbow stability and load transfer8,15,22. Compared to radial 
head excision, radial head replacement reduces the forces on the remaining ulnohumeral joint, 
potentially lowering the risk of arthritis, a condition commonly reported after radial head 
excision2,9. Radial head replacement also serves to improve elbow and forearm stability in 
patients with concomitant ligament injuries, which occur in up to 75% of patients with 
comminuted radial head fractures2,7,9,19,22.  
In spite of advances in radial head prosthesis design, the clinical outcomes are variable and joint 
contact mechanics remain suboptimal5,6,11. The substitution of the cartilage surface of the native 
radial head with a metallic implant having a stiffness multiple orders of magnitude greater than 
that of the native cartilage may lead to cartilage degeneration and arthritis4,14–16. Minimizing 
peak contact stress and maximizing contact area following radial head hemiarthroplasty may 
prevent the degradation of the native cartilaginous surface and improve the long term outcome of 
these devices10.  
Currently, there is no consensus as to the optimal fixation technique of radial head prostheses in 
the proximal radius. Implant designs include textured ingrowth stems with a tight ‘fixed’ fit, 
cemented stems, and smooth stems with either a ‘size-for-size’ or an over reamed ‘loose’ fit. The 
effect of stem fit on radiocapitellar contact mechanics has not been previously reported, although 
it has been reported that rigidly fixing radial head prostheses may increase the risk of revision 
and complications1. It has been suggested that a radial head prosthesis with a smooth loose stem 
may function somewhat like a bipolar implant allowing the concave articular surface of the 
implant to adjust to the relatively spherical capitellum to improve radiocapitellar contact, 
however, this has not been confirmed.  
 
_________________________ 
2 A significant portion of this Introduction appears in Chapter 1 but is included here as presented in the published 
paper as well as to be consistent with the “Integrated Article Style” of this thesis. 
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In view of the foregoing, the current study quantified the effect of radial head hemiarthroplasty 
stem fit using a computational model for a series of cadaveric specimens following virtual radial 
head replacement. We hypothesized that a loose stem fit would be advantageous in terms of 
radiocapitellar contact mechanics, with a reduction in radiocapitellar joint incongruency, 
increased contact area, and decreased contact stress, by virtue of the ability of the loose implant 
to find its ‘optimal’ position articulating with the native capitellum.  
2.2 Materials and Methods 
2.2.1 Specimen Model Generation 
A series of three-dimensional elbow models were created with the use of computed tomography 
(CT) data from 10 fresh-frozen cadaveric elbows (average age: 66.1±18.5yrs, 6M/4F). A GE 
Discovery CT750 HD scanner (GE Healthcare, Pewaukee, WI, USA) was utilized to obtain CT 
images at 120kV and 200mA with a slice thickness of 0.625mm (voxel dimensions 0.624x0.180-
0.229x0.190-0.229mm in the axial coronal and sagittal directions respectively)23. The native 
elbows were CT scanned intact, then disarticulated and rescanned in air to establish accurate 
cartilage geometry for all specimens23. Cartilage was modelled as a nonlinear elastic material, 
with bone material properties assigned based on CT attenuation.  
Segmentation from CT data was conducted utilizing Mimics 14.12 (Materialise, Leuven, 
Belgium) to acquire bone geometry for each specimen using a minimum segmentation threshold 
for bone and cartilage of +250 and -500 Hounsfield units (HU) respectively. Bone and cartilage 
geometries were wrapped and remeshed using a radial basis function (FastRBF, FarField 
Technology, NZ). Subsequently, a quadrilateral mesh was generated on both the bone and 
cartilage surfaces (NETGEN, RWTH, Germany) applying a maximum element edge length of 
0.45mm, previously justified by a mesh convergence study12. Using a previously described 
method, custom code was used to mesh the cartilage using a hexahedral mesh23. As reported by 
Schenck et al., based on the average elbow cartilage aggregate modulus of 0.8 MPa and 
Poisson’s ratio of 0.07, a bulk modulus of 0.31 MPa and shear modulus of 0.37 MPa were 
assigned18. In order to mesh the bone geometry, 1mm linear tetrahedral elements were used with 
assignment material properties utilizing a Poisson’s ratio of 0.3 and a modulus-density 
relationship (E = 8345papp
1.5)3. Cobalt chrome material properties (E = 230 GPa, y=0.3) were 
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assigned to the radial head prosthesis following meshing using 0.25 mm linear tetrahedral 
elements.  
2.2.2 Finite Element Modeling  
Finite element analysis (FEA) was performed utilizing ABAQUS v6.14 (Simulia Corp, 
Providence, RI, USA). A tie constraint was used to bond the backside of the cartilage and 
subchondral bone of the dissimilar meshes of the native humerus. Using a rigid body tie, the 
proximal humerus was connected to an individual guiding node to which boundary conditions 
were applied, constraining the humerus in all degrees of freedom. A commonly used 
axisymmetric implant shape was chosen for this study (Evolve, Wright Medical, Memphis TN), 
with implant sizing for each specimen being conducted by an upper extremity fellowship trained 
orthopedic surgeon. The radial head implant was virtually positioned by an expert surgeon such 
that the long axis of the implant stem aligned with the native radial head axis. Although the 
native radius was not present for hemiarthroplasty modelling, this position was simulated in the 
model. Fixation was varied from fixed with respect to the radius, which disallowed motion, or an 
over reamed loose fit with a 1 mm (OR1), 2 mm (OR2), or 3 mm (OR3) (diametral clearance) 
stem fit. The OR1, OR2, and OR3 stem fits corresponded to a maximum allowable angulation of 
2.3˚, 4.6˚ and 6.9˚ based on a 25 mm stem length, which is standard on the implant studied 
(Figure 2-1) 21. The fixed scenario mimics a press fit or cemented implant, whereby no motion is 
permitted. The distal end of the ulna was then constrained in all degrees of freedom, after which 
a 100 N compressive load was applied to the radius, articulating it with the humerus17,20. For the 
fixed stem, the radial head implant was not permitted to rotate out of plane, however, for each of 
the loose stem fits, the implant was permitted to rotate out of plane up to the maximum angle 
specified above for each fit.  Surface-to-surface discretization was defined between the radial 
head implant and the capitellar surface to establish penalty-based contact. A non-linear 
modelling approach was employed whereby assumptions regarding elements, loads, boundary 
conditions, and material stiffness were considered. As reported by Willing et al., this modeling 
technique was found to yield contact areas within 10% of those acquired experimentally using a 






Figure 2-1: Custom Radial Head Fits Investigated 
Custom radial head bone surrogate capable of creating a fixed fit as well as varying loose fits 
(OR1, OR2, and OR3) through the adjustment of metallic radial head hemiarthroplasty implant 







2.2.3 Study Parameters & Statistical Analysis 
Comparison between fixed, OR1, OR2, and OR3 radial head implant stem fits were made 
regarding changes in radiocapitellar contact area and maximum contact stress relative to the 
native intact state. Radiocapitellar contact mechanics (contact stress and contact area) were 
computed for 0˚, 45˚, 90˚, and 135˚ elbow flexion with the forearm in neutral rotation.  For each 
flexion/extension angle and implant fixation (fixed, OR1, OR2, and OR3) the outcome variables 
were normalized to the corresponding intact state, with comparison done using a two way 
(flexion angle, stem fit) repeated measures analysis of variance with a level of significance 
defined as P<0.05.  
2.3 Results 
As stem fit was loosened from fixed, the radial head was observed to angulate in the varus and 
valgus directions dependent on flexion angle, driven predominantly by impingement. At 0° of 
flexion, as the stem fit was loosened the radial head implant tilted into valgus, driven by contact 
in the trochlear groove, visible as the grey region of high contact stress (grey region indicating 
contact stress > 2 MPa) (Figure 2-2). At this flexion angle, the 3 mm loose fit generated a new 
region of high contact stress at the center of the articular contact, visible as the grey region near 
the center of the capitellar surface. A similar result was observed at 45° and 135° of flexion 
where increased loose stem fit moved the contact from the trochlear groove laterally into the 
center of the articulation, or on the most lateral edge of contact. Finally, at 90° the radial head 
tilted into varus with loose fit of 3 mm, resulting in regions of elevated contact stress in the 





Figure 2-2: Capitellar Contact Stress Maps  
Typical contact stress maps scaled to 2 MPa of implant fit for fixed, and OR1, OR2, and OR3 




Figure 2-3: Contact Area and Maximum Contact Stress 
Contact area (top) and maximum contact stress (bottom) for fixed, and OR1, OR2, and OR3 






For all elbows and flexion angles investigated, the fixed stem fit radial head generated a mean 
contact area of 165.17±28.45 mm2. As stem fit was progressively loosened, contact area 
decreased for the OR1, OR2, and OR3 stem fits producing mean contact areas of 161.81±30.11 
mm2, 152.83±26.57 mm2, and 139.90±24.53 mm2, respectively for all angles of flexion 
investigated (Figure 2-3). Although there was no significant difference detected between the 
fixed and OR1 stem fit (p≥0.181), both the OR2 and OR3 fits decreased contact area, on average 
by 12.34±6.17 mm2 (p<0.001) and 25.27±12.64 mm2 (p<0.001), respectively, relative to the 
fixed stem fit (Figure 2-3). Additionally, increasing the looseness of the stem fit from OR1 to 
OR2 and OR3 decreased contact area by 8.98±4.49 mm2 (p<0.001) and 21.91±10.95 mm2 
(p<0.001), respectively.  
The fixed stem fit produced higher maximum radiocapitellar articular contact stress compared to 
the OR1, OR2, and OR3 stem fits for all angles of flexion with peak contact stress of 4.10±3.74 
MPa for the fixed and 3.02±2.35 MPa, 2.82±2.17 MPa, and 3.00 ± 2.15MPa respectively for the 
OR1, OR2, and OR3 fits. On average, loosening the stem fit from fixed to OR1, OR2, and OR3 
decreased maximum contact stress by 1.09±2.74 MPa (p<0.017), 1.28±3.12 MPa (p<0.013), and 
1.10±3.15 MPa (p<0.033), respectively. There was no significant difference detected between 
the OR1 and OR2 stem fits (p≥0.41), or the OR1 and OR3 stem fits (p≥0.94). However, when 
the stem fit was increased from OR2 to OR3, there was a small but significant increase in 
maximum contact stress of 0.21±0.015 MPa (p<0.028, Figure 2-3).  Also, for each of the 'loose' 
stem fits, for all flexion angles, the total angulation was equal to the maximum permitted value 





Figure 2-4: Capitellar Contact Stress Maps with Final Implant Position 
Typical capitellar contact stress maps for final implant position for fixed, and OR1, OR2, and 











A better understanding of the effects of radial head implant stem fit on radiocapitellar contact 
mechanics, with specific emphasis on over reamed loose fit fixation, may lead to improved 
clinical technique, implant designs, and clinical outcomes. Interestingly, as stem fit was 
loosened, the total articular contact area decreased, which was contrary to our hypothesis. 
Although the contact area decreased, the corresponding maximum contact stress for the loose 
stem implants decreased because of a change in radial head angulation. In general, a decrease in 
contact area is associated with an increase in contact stress, however in this case the angulation 
of the implant was thought to be largely driven by impingement of the radial head in the 
trochlear groove. The resulting radial head angulation of the loose stem design alleviated these 
impingements, but this came at the cost of reduced contact area by virtue of the fact that the 
impingement resulted in radial head rotation to a less congruent position with the capitellum; 
particularly with implants with greater stem looseness.  
The results of the current study show that for the axisymmetric metallic radial head implant 
investigated, a fixed stem fit produced higher maximum articular contact stresses than all loose 
stem fits tested (OR1, OR2, and OR3). This higher maximum contact stress produced by the 
fixed stem fit is thought to be the result of stress concentrations at local incongruities present 
between the radial head implant and the native capitellum during loading, due to the inability of 
the implant to angulate to alleviate these regions of high contact stress. This was particularly 
apparent in the trochlear groove where at 0°, 45°, and 135° of flexion the loose fit radial head 
implants angulated in the valgus direction in response to impingement. However, at the largest 
loose fit clearance, the implant appeared to have rotated so far in valgus that the contact stress in 
the center of the capitellum was elevated greater than the less loose stems, particularly at 0° 
flexion. At 90° of flexion, the opposite was observed whereby the implant rotated in the varus 
direction reducing maximum contact stress for the OR1 and OR2 fits, however, the OR3 fit 
permitted too much varus rotation resulting in impingement in the trochlear groove. 
Interestingly, for all loose stem fits investigated, under the 100 N applied loading all the radial 
head implants assumed a final angular position that was at, or very close to, the maximum 
angulation permitted by the respective loose fit (OR1: 2.3°; OR2: 4.6°; OR3: 6.9°). This is 
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hypothesized to be the reason why the OR3 stem fit had higher maximum contact stress than 
both the OR1 and OR2 stem fits. The extra angulation afforded by oversizing the radial canal 
permitted too much freedom of movement, allowing the implant to rotate into a suboptimal 
orientation under the applied forearm load. These data seem to indicate that there is an optimal 
range for loose stem fits; excessive stem over reaming should likely be avoided with this smooth 
stem implant design.  
Radiocapitellar articular contact area was similar between the fixed stem fit and the OR1 stem, 
however, decreased with the OR2 and OR3 fits. The contact area shifted from the lateral portion 
of the capitellar surface to a more even distribution with increased contact on the medial portion 
of the capitellum (Figure 2.2). Although a decrease in contact area was seen with the OR2 and 
OR3 stem fits, providing an OR1 or OR2 loose stem fit produced a decrease in maximum 
articular contact stress and reduced local regions of stress concentrations relative to the fixed 
stem fit. This data suggests that a compromise between contact area and maximum contact stress 
may be needed when deciding how much over reaming is optimal. 
The current study shows that loose stem fits in radial head hemiarthroplasty have the potential to 
reduce maximum articular contact stress for all flexion angles investigated. Comparing all loose 
stem fits, the OR2 fit provided the greatest decrease in maximum contact stress, although this 
was accompanied by a decrease in radiocapitellar contact area. While a reduction in 
radiocapitellar articular contact area may be a negative consequence, the decrease in maximum 
contact stress associated with the loose stem fits likely outweighs the reduction in contact area, 
as preventing local stress concentrations may help preserve native cartilage and improve long 
term patient outcomes. As OR1 did not significantly affect contact area, while providing a 
decrease in maximum articular contact stress, loose fitting of between OR1 and OR2 showed the 
greatest improvements in contact mechanics. Additionally, as suggested by Ageyman et al., loose 
fit stems may result in reduced risks of revisions and complications1. 
Radiographic lucencies are known to commonly occur around smooth stemmed radial head 
arthroplasty implants and may reflect adjustment of the implant to better track with the 
capitellum20. This adjustment of implant position may be directed by the annular ligament or 
from the interaction of the concave articular surface of the radial head with the relatively 
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spherical capitellum. Progression of lucencies around smooth stemmed implants is not typically 
seen over time and is not correlated with patient symptoms3,18. This data suggests that a loose 
smooth stem radial head implant may be functioning in some respects as a bipolar implant, 
permitting angulation and rotation of the implant relative to the radius, which may improve 
radiocapitellar contact.  
The strengths of this study include the repeated assessment of each individual specimen and the 
associated response to each stem fit investigated compared to the native state. Accurate bone and 
cartilage geometry were also applied using repeated CT data acquisition both intact and in air for 
the study population of 10 elbows. Region-specific bone material properties were also simulated 
based on CT attenuation.   
Limitations of this work include the assumptions associated with finite element analysis 
including the material models applied to the bone and cartilage, as well as the contact algorithms 
selected in the modelling process. Although these errors were present in all models, and since all 
outcome variables are compared to the intact state, we are confident in the comparisons 
presented in this work. Furthermore, only one smooth stem metallic axisymmetric implant design 
was studied; further work should extend this to other implant shapes and materials. Finally, the 
use of computer simulation requires several assumptions, although previous work has shown that 
these assumptions result in less than 10% error for contact area23. A tribology study that assesses 
the wear rate of the cartilage using cadaveric specimens with varying laxities of radial head 





The 'loose' over reamed stem provided improved contact mechanics compared to the 'fixed' stem. 
The 1 mm over reamed stem reduced maximum contact stress without significantly affecting 
contact area. Over reaming of 2 mm provided the greatest decrease in maximum contact stress, 
albeit with a significant reduction in contact area. Over reaming of 3 mm produced a larger 
amount of stress concentrations on the capitellum suggesting there may be a limit to how loose a 
smooth stem implant should be implanted. A fixed axisymmetric metallic radial head implant 
was shown to be less effective in distributing these regions of high contact stress and resultantly 
had the highest maximal cartilage stress. Over reaming a smooth stem axisymmetric radial head 
implant by 1 to 2 mm provided improved elbow contact mechanics and may help to preserve the 
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3 In-Vitro Cadaveric Assessment of the Effect of Loose Fitting 
Radial Head Hemiarthroplasty Implants  
OVERVIEW 
In chapter 2, the effect of stem fit on the radiocapitellar contact mechanics of a metallic 
axisymmetric radial head hemiarthroplasty was explored using finite element analysis. It 
was found that over reaming a smooth stem axisymmetric radial head implant by 1 to 2 
mm provided improved contact mechanics and may help to preserve the remaining native 
capitellar cartilage. Based on these results, we chose to perform cadaveric testing to 
assess the effect of stem fit on metallic axisymmetric radial head hemiarthroplasty in a 












Radial head hemiarthroplasty is a surgical procedure where the radial head is replaced with a 
metallic implant as documented in the previous two chapters. The implant articulates against the 
native capitellum to restore elbow stability and load transfer14,18,23. Relative to radial head 
excision, which often results in arthritis, radial head replacement has been shown to reduce the 
forces on the ulnohumeral joint, potentially reducing this risk2,15. Reducing peak contact stress 
and maximizing contact area following radial head hemiarthroplasty has been hypothesized to 
prevent the degradation of the native cartilaginous surfaces of the distal humerus, leading to the 
investigation of methods of reducing contact stress16. Minimal data has been reported on the 
effect of stem fit on radiocapitellar contact mechanics, although it has been reported that rigidly 
fixing radial head prostheses may increase the risk of revision and complications1.  
Recently, Moon et al. (2019) conducted an in-vitro study to investigate the impact of stem length 
and neck resection on the fixation strength of press-fit radial head prosthesis19. It was reported 
that stem length affects the initial stability of such implants, specifically when radial head and 
neck resection is done to account for the minimum stem length of 10 mm for currently available 
prosthetic designs19. Moon et al. further showed that stems that are 25 mm in length or greater 
showed higher initial stability19.  
Currently, there is no consensus as to the optimal fixation technique of the radial head prosthesis 
in the proximal radius. In the previous chapter, the impact of tight ‘size-for-size’ or over reamed 
‘loose’ fits on radiocapitellar contact mechanics was investigated using finite element analysis22 
(reported in Chapter 2). This study showed that a ‘loose’ over reamed stem provided improved 
contact mechanics compared to a ‘fixed’ stem. Over reaming a smooth stem axisymmetric radial 
head implant by 1 to 2 mm was shown to improve elbow contact mechanics, potentially helping 
to preserve the remaining native capitellar cartilage22.  
A handful of in-vitro studies have been conducted to measure the contact pressure and contact 
area of the radiocapitellar joint. Utilizing a single point Tekscan contact sensor,  Casanova et al. 
measured the contact pressure in the radiocapitellar joint. When a force of 5 kg was applied via 
loading of the muscles of the elbow, the resulting elbow joint reaction force was reported in the 
range of 1.34 to 2.46 Kgf/cm2 (0.121 to 0.231 MPa)9. Tekscan pressure sensors capable of 
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providing a contact pressure map were also used by Backman et al. to investigate the effect of 
under-sizing radial head implants3. When a load of 100 N was applied to the elbow following 
reconstruction with a radial head hemiarthroplasty, maximum contact pressures in the range of 3 
to 5.5 MPa were observed. Cohn et al. compared varying thicknesses of implants in order to 
determine which best replicates native radiocapitellar contact pressure11. The biceps and 
brachialis tendons were loaded with 4.5 kg, and the triceps was loaded with an additional 4.5 kg. 
This resulted in mean contact pressure of 1 to 1.7 MPa in the native state, with the correct 
thickness of hemiarthroplasty having mean contact pressure in the range of 0.7 to 1.4 MPa.  
The objective of this in-vitro study was to further investigate the effect of stem fit on a metallic 
axisymmetric radial head hemiarthroplasty in an experimental bench top cadaveric model. It was 
hypothesized that consistent results would be found to those reported by Szmit et al. in a finite 
element modelling study, who reported that optimal contact mechanics occur in with over 
reaming of 1-2 mm (as reported in Chapter 2)22.  
3.2 Methods  
The radius and humerus of eleven fresh frozen arms (72±14 years, 9 males, 7 right) were 
disarticulated and resected of all soft tissue. They were then potted using bone cement in poly-
vinyl chloride pipe. The native radii were first tested against the native capitellum, and then 
radial head hemiarthroplasty implants were articulated against the capitellum that were sized by 
an orthopaedic surgeon using an Evolve Proline radial head prosthesis. A specialized loading 
apparatus was developed as shown in Figure 3-1. Slots within both the base and the side supports 
allow for precise adjustment of the angle, height, and overall position of the radial head relative 
to the capitellum. To ensure consistency between trials, measurement of all angles was done 
using an SPI digital protractor (SPI, NY, US), in addition to utilizing pre-determined positions 
that ensured each angle was replicated between trials. The native radii were permitted to find 
their natural position upon contact with the capitellum.  A pneumatic cylinder was used to apply 
a 50 N compressive force to press the capitellum against the native radial head, followed by the 
radial head hemiarthroplasty implant at four stem fits. This load was selected based on recent 
work by Berkmortel et al., with 50 N representing an approximate ‘average’ load that passes 




Figure 3-1: Elbow Joint Loading Apparatus 
Elbow loading is applied using a pneumatic actuator, with angular adjustments permitted via a 











A custom radial head mount was used which created a fixed fit when a standard 9.5 mm diameter 
stem was used. Downsizing the stem size to 8.5 mm, 7.5 mm, and 6.5 mm permitted the stem fit 
to be altered, and corresponded to 1 mm, 2 mm, and 3 mm over reamed stem fits, respectively 











Figure 3-2: Custom Radial Head Fits Investigated 
Custom radial head bone surrogate capable of creating a fixed fit as well as varying loose fits 
(OR1, OR2, and OR3) through the adjustment of metallic radial head hemiarthroplasty implant 








The radial head was aligned with the capitellum to a neutral position with respect to both 
varus/valgus and rotational alignment. The 50 N joint load was applied, and after achieving 
equilibrium (following 3 seconds of consistent pressure), the contact area and pressure in the 
joint space was measured using a Tekscan 5051 sensor (Tekscan Inc, MA, US) for a 5 second 
duration at a rate of 5 frames per second. The Tekscan sensor provided contact area and pressure 
measurement across the contact surface, although the location of contact on the sensor grid 
varied between trials due to specimen geometry and changes in flexion angle. To maintain 
cartilage integrity, the native radial head and capitellum were hydrated in between trials using 
HyClone® Bovine Calf Serum (ThermoFisher Scientific). To prevent time-related changes in 
mechanics and to reduce fatigue effects, angle order was randomized between specimens.  
A planar pressure bladder apparatus was used before each specimen to calibrate the Tekscan 
sensor in accordance with manufactures protocol5,8. The bladder apparatus applied constant 
pressure across the sensor surface and a load cell was used to verify the load applied by the 
pneumatic actuator.  
The fits tested were fixed ‘size-for-size’, which disallowed motion, or a loose fit with a 1 mm, 2 
mm, or 3 mm over reamed (diametral clearance) stem fit. The 1 mm, 2 mm, and 3 mm over 
reamed stem fits corresponded to a maximum allowable angulation of 2.3˚, 4.6 ˚ and 6.9˚ based 
on a 25 mm stem length, which was shown by Moon et al. (2019) to be the minimum stem length 
that showed high initial stability19. Radiocapitellar contact mechanics (contact stress and contact 
area) were measured for 0˚, 45˚, 90˚, and 135˚ elbow flexion with the forearm in neutral rotation 
(Figure 3-1). Custom MATLAB code was created to analyze the 25 frames of data. Initially, the 
25 frames collected at constant load were averaged to identify the center of the contact. Using 
the contact center point as a central guide, the program identified all contact points within a 
30x30 pixel square (39x39 mm) around it, zeroing the remaining sensor pixels that fell outside 
the square. This was done to exclude any contact that was not between the radius and capitellum. 
Contact area and contact area above 3 MPa, as well as average contact pressure, were calculated 
using Excel. Since the sensor reached saturation in some trials, the maximum contact pressure 
was deemed to not be a useful measure for the current study. Contact pressure was compared 
using the ‘threshold area’, which we defined as the contact area with an observed pressure above 
3 MPa. Average contact pressure was calculated by taking the aggregate sum of the contact 
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pressure divided by the number of pixels that recorded contact on the sensor4. These outcome 
measures were used to compare the contact mechanics between specimens and conditions. The 
MATLAB code can be found in Appendix A. 
A 2-way repeated-measures analysis of variance (ANOVA) investigating radial head 
hemiarthroplasty fixation method (native, fixed, 1 mm, 2 mm, and 3 mm over reamed), and angle 
of flexion (0˚, 45˚, 90˚, and 135˚) was conducted using SPSS (IBM, Armonk, New York, USA). 
The level of significance was defined as 0.05. All significant values reported were observed to 
have a power of greater than 0.8.  
3.3 Results  
Stem fixation method had a significant effect on contact area (p=0.001) while the angle of 
flexion did not (p=0.552) (Figure 3-3). At 0° of flexion, no significant effect on contact area was 
found between fixation methods (p=0.293). When at 45° of flexion, contact area increased 
moving from OR2 to OR1 (p=0.004), as well as when decreasing looseness from OR3 to OR1 
(p=0.044). Furthermore, there was a significant decrease in contact area when reducing loose fit 
from OR2 to fixed fitting (p=0.023). At 90°, altering fixation method had no significant effect on 
contact area (p=0.337). At 135°, a significant increase in contact area was found to occur when 
increasing loose fit from OR1 to OR3 (p=0.026).  
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Figure 3-3: Contact Area for Varying Fixation Methods 
The contact area for the 4 angles of flexion are shown here for the 4 different fixations methods 
tested as well as comparison to the native state for reference. The mean is reported and ± one 









The threshold area for each flexion angle and each fixation method is compared in Table 3-1. 
Implant fixation method had a significant effect on threshold area (p=0.003), although angle of 
flexion did not (p=0.854). At 0° and 45°, no significant difference was detected between fixation 
methods (p=0.447 and p=0.304, respectively). At 90°, a significant increase in contact in the 
threshold area was seen when increasing fixation from OR2 to fixed (p=0.045). Additionally, a 
significant increase was found between OR3 and fixed (p=0.025). At 135°, a significant increase 
was found when increasing fixation from OR3 (12±6 mm2) to the fixed condition (p=0.038). 
Table 3-1: Threshold Area for Varying Fixation Methods (in mm2) 
  0° 45° 90° 135° 
Fixed 15.0±5.3 16.1±7.8 17.1±5.6 13.4±5.4 
OR1 13.9±5.3 15.4±7.2 15.5±5.7 11.2±5.1 
OR2 12.5±4.9 12.3±9.0 13.5±7.1 12.7±5.4 
OR3 13.7±4.4 12.0±9.0 11.2±5.3 11.8±5.6 
Native Reference 8.6±5.7 10.6±8.0 13.9±7.4 9.0±7.3 
The results of average contact pressure are presented in Figure 3-4. At 0°, 90°, and 135° no 
significant effect of fixation was found on average contact pressure (p=0.274, p=0.283, and 
p=397, respectively). At 45° there was a significant decrease in contact pressure when increasing 





Figure 3-4: Average Contact Pressure for Varying Fixation Methods  
The four angles tested are compared along the x-axis for each fixation method as well as 












Representative contact pressure profiles are shown in Figure 3-5. Since exact sensor positioning 
changed between trials as a result of the need to substitute radial heads for the various variables 
tested, the location of the contact pressure within the grid is not relevant. The effect of changes 
in flexion angle and the different specimen geometries also impacted the location of contact and 
although sensor alignment was held consistent, the exact initial positioning could not be 
maintained. The orientation of the radial head and the sensor remained constant between trials. In 
general, at 0°, more centralized contact is present when the radial stem was loose relative to fixed 
fit. Additionally, the contact pressure remains relatively low and evenly spread across the entire 
implant when loose fit.  At 45°, as the radial stem fit was loosened, a more even spread of 
contact pressure was observed relative to a fixed stem. As well, a reduction in secondary (ie: not 
part of the main contact patch) contact pressure is observed. Less visible variation is present 







Figure 3-5: Representative Tekscan Contact Pressure Profiles 
The Tekscan contact pressure profiles for one specimen are shown. The contact pressure of each 
trial averaged over the length of the trial is represented by each square. Each individual 
coloured square represents one sensel of the Tekscan sensor, which is 1.69 mm2. The sensor was 








Further understanding of the implications of loose fitting radial head hemiarthroplasty stem fits, 
particularly the impact of varying over reamed stem fits, may contribute to improved clinical 
outcomes. Interestingly, stem fixation method had a significant effect on contact area. Contact 
area was shown to increase when stems were loose fit relative to fixed fit, with OR2 having 
provided the greatest increase in contact area relative to fixed fit. Within the loose fit conditions, 
both OR2 and OR3 showed higher contact areas at 45° and 135° relative to OR1. This indicated 
that a loose fit of between 2 and 3 mm may assist in increasing contact area relative to a fixed or 
OR1 fixation. This was consistent with the work done by Szmit et al. who showed that over 
reaming of 2 mm provided the greatest increase in contact area when tested computationally22. 
With respect to the contact stress magnitudes, it has been demonstrated that when cartilage is 
subjected to high contact pressures for extended periods of time there is an increase in 
erosion12,17,21. Chrondrocyte cell apoptosis was shown to occur when contact pressure above 5 
MPa occurs, leading previous radial head studies to adopt that value as a threshold3,10,13. Another 
study found that cell death following an hour of wear testing occurred when subject to as little as 
1 MPa of stress10. Sadeghi et al. further showed that under sinusoidal loading damage was seen 
at stresses as low as 2.8 MPa20. For this reason, contact area above 3 MPa (referred to as 
threshold area) was considered to be an appropriate threshold for establishing the level of contact 
area that is subject to increased susceptibility to wear.  
As subjecting cartilage to higher contact stresses may lead to increased susceptibility to cartilage 
degeneration, the impact of stem fit on threshold area was of high interest. Implant fixation 
method was shown to have a significant effect on the threshold area. At low degrees of elbow 
flexion (0° and 45°), the fixation method was shown to not have a significant effect on the 
threshold area. When elbow flexion was increased to 90° of flexion the data suggested that the 
OR2 and OR3 implant fixation methods decreased the threshold area significantly relative to the 
fixed implant fixation. This trend was similar at 135° of flexion with OR3 providing a 
significantly lower threshold area than the fixed fit. These results were consistent with the 
computational work done by Szmit et al. (Chapter 2), which indicated that over reaming of a 
smooth stem axisymmetric radial head implant may help to preserve the remaining native 
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capitellar cartilage through reduction of wear22. This cadaveric study confirms that over reaming 
in the range of 2 mm, as was suggested by finite element studies by Szmit et al. (Chapter 2), and 
perhaps even 3 mm would decrease susceptibility to wear as a result of contact area in the 
threshold area22. 
Investigation into average contact pressure indicated that both the fixed and OR1 fixation created 
significantly higher average contact pressure relative to the native state at 45°. An increase in 
stem fit by over reaming 2 mm served to reduce average contact pressure significantly, 
remaining consistent with the hypothesis that over reaming would act to improve radiocapitellar 
contact mechanics relative to fixed implant fixation. This further indicated that over reaming of 
between 2 and 3 mm does not significantly affect average contact pressure relative to the native 
state across all flexion angles.  
The contact pressure profiles for the native state were all centered on the radial dish with high 
contact areas and low contact pressures, varying from those following metallic 
hemiarthroplasties. This was expected as there was a discrepancy between the native radial head 
shape and material stiffness and the metallic implant tested. This is likely due to the geometric 
and material differences between the elliptical nature of the native radial head and the use of a 
stiff material and axisymmetric implant, which likely did not provide a perfect fit with the 
capitellum. 
It has been demonstrated that differences between the native and hemiarthroplasty state in terms 
of contact area and pressure exist as a result of this material stiffness mismatch6. The most 
notable differences between contact pressure profiles occurred when the radiocapitellar joint was 
at extremes of flexion and extension. At both 0° and 135° contact area shifts centrally onto the 
radial dish when the radial head implant is loose fit compared to fixed fit. Additionally, contact 
area profiles at 135° consistently included two regions of contact, with over reaming providing 
more centrally located contact than fixed fit.  This may be due to the loose fit allowing for the 
radial head to find an optimized position on the capitellar surface due to its permitted rotation.  
This study presents a comparison between different fixation methods for radial head 
hemiarthroplasty and the impact fixation method has on contact mechanics relative to each other 
and the native radial head. Loose versus fixed fit radial head hemiarthroplasties was directly 
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compared and evaluated across several measures of contact mechanics including contact pressure 
maps, contact area, contact area in the threshold area, and average contact pressure. Tekscan was 
chosen over other methods to measure radiocapitellar contact mechanics as it was capable of 
providing real-time contact data and contact pressure maps in an in-vitro cadaveric setting.  It 
was a relatively large cadaveric study having tested 11 specimens across four angles of flexion, 
with repeated measure design implemented to increase study power. A limitation of this study is 
that soft tissue was not included during testing, including the joint capsule, muscles, and 
ligaments. Future studies should evaluate the effect of these tissues on contact mechanics, and 
specifically load transfer in the radiocapitellar joint. As contact pressure and contact area are 
predominantly dependent on bone and cartilage properties the effect of soft tissue would likely 
not significantly affect these results. Incorporating soft tissue in further studies would likely 
provide contact mechanics more closely mimicking in-vivo values.  
3.5 Conclusion 
This study agreed with the results found by the finite element analysis study reported by Szmit et 
al. (Chapter 2) indicating that loose fitting of smooth stem axisymmetric radial head implants 
provides improved contact mechanics relative to fixed fitting. Over reaming of 2 to 3 mm 
provided the greatest improvement in contact mechanics tested, which included contact area, 
threshold area, and average contact pressure. A fixed axisymmetric metallic radial head implant 
was shown to be less effective in distributing high contact stress regions, providing greater 
contact in the threshold area (above 3 MPa) increasing susceptibility to capitellar cartilage 
degradation. Over reaming a smooth stem axisymmetric radial head implant by 2 to 3 mm 
proved to improve elbow contact mechanics and may help to preserve the remaining native 
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4 The Effect of Varus/Valgus Surgical Malalignment of Radial 
Head Hemiarthroplasty Implants on Contact Mechanics: Does a 
Loose Fit Improve Contact Mechanics following Malalignment 
OVERVIEW 
In the previous two chapters the effect of stem fit on radiocapitellar contact mechanics of 
a metallic axisymmetric radial head hemiarthroplasty was explored. Accurate alignment 
of radial head implants is important to reduce the risk of subluxation or dislocation, with 
malalignment leading to potential suboptimal joint contact mechanics. This chapter 
explores the effect of malalignment of a metallic axisymmetric radial head 
hemiarthroplasty and the influence that stem fit has on contact mechanics when an 
implant has been malaligned, using a bench-top cadaveric study, as conducted in the 












As documented in previous chapters, radial head hemiarthroplasty is a surgical procedure where 
the radial head is replaced by a metallic implant. This metallic implant articulates against the 
native cartilage of the distal humerus in an attempt to restore elbow load transfer and 
stability12,18,22. Radial head arthroplasty has been shown to reduce the forces on the ulnohumeral 
joint, potentially reducing the risk for arthritis that is commonly reported following radial head 
excision2,13. It has been hypothesized that reducing peak contact stress and maximizing contact 
area following radial head hemiarthroplasty may prevent the degradation of the native 
cartilaginous surface14,16,17. With this considered, Szmit et al. demonstrated using a finite 
element study (as presented in Chapter 2) that a loose fitted smooth stem axisymmetric implant 
may provide improved contact mechanics relative to fixed21. Furthermore, this work was 
validated using a cadaveric study (as presented in Chapter 3), which showed that over reaming 
of 2 to 3 mm provided the greatest improvement in contact mechanics tested, including contact 
area, contact in the threshold area and average contact pressure.   
In spite of recent advances in radial head prosthesis design, clinical outcomes remain variable 
and contact mechanics remain suboptimal7,11,15. Further evaluation into potential methods of 
improving contact mechanics following radial head hemiarthroplasty is necessary in order to 
reduce capitellar cartilage degeneration. Radial head hemiarthroplasty is primarily accomplished 
surgically using physical landmarks that are either visually observed or established through 
manipulation1,23,25. The use of computer or image-assisted guidance has been developed for in-
vitro investigations by Deluce et al., but has not been applied clinically as of yet9. Hence, angular 
malalignment is common during radial head hemiarthroplasty, as optically a malalignment of 5° 
is difficult to see24. Investigation into the effects of radial head hemiarthroplasty varus and 
valgus malalignment has yet to be conducted to date.  
The current study quantified the effects of radial head varus and valgus malalignment for both 
the native state and following hemiarthroplasty using a bench top cadaveric study. Additionally, 
as loose-fitting smooth stem radial head hemiarthroplasty implants has been shown to improve 
radiocapitellar contact mechanics relative to fixed fixation (as presented in Chapter 2 and 3), 
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investigation into whether loose fit alignment may mitigate the negative consequences of radial 
head malalignment was also performed.  
The objectives of this in-vitro study were to establish the effects of varus/valgus malalignment of 
the radial head in both the native state and following hemiarthroplasty, as well as to examine 
whether a loose fit mitigated the negative effects of malalignment relative to a fixed stem. It was 
hypothesized that radial head malalignment would result in suboptimal radiocapitellar contact 
mechanics, with negative effects being mitigated by loose fitting radial head hemiarthroplasty 
implants relative to a fixed stem.   
4.2 Methods  
(The same experimental approaches were employed in Chapter 3 and are re-written here to be 
consistent with the manuscript format of this thesis.) 
Eleven fresh frozen cadaveric arms (72.3±13.8, 7M/4F) were disarticulated leaving the proximal 
radius and distal humerus of each specimen separated. Each specimen was sized by an 
orthopaedic surgeon for the Evolve Proline Radial Head (Wright Medical). The radii and distal 
humeri were potted used bone cement into a poly-vinyl chloride pipe about the diaphysis and 
mounted into a custom-built testing device (Figure 4-1). A 50 N force was applied via an 
actuator to both the radial head and subsequently a radial head implant, articulating it against the 
native capitellum5. The actuator was calibrated using a six degree of freedom load cell. All 










Figure 4-1: Elbow Joint Loading Apparatus 
Elbow loading is applied using a pneumatic actuator, with angle adjustment permitted via a 













The native radial head and radial head implant were manually aligned, using a goniometer, at 
each test position prior to loading. The native radial head was tested at neutral as well as at 5° 
varus and 5° valgus relative to the capitellum (Figure 4-2). The radial head implant was tested at 
neutral, 5° varus and 5° valgus, with all three conditions being tested with fixed ‘size-for-size’ 
fit, which disallowed motion, as well as loose fit 1 mm (2.3°), 2 mm (4.6°), or 3 mm (6.9°) over 
reamed (diametral clearance). A 25 mm stem length was used, which was shown by Moon et al. 
(2019) to be the minimum resection level that showed high initial stability19. As described in 
Chapter 3, a custom radial head mount was used capable of creating both a fixed fit and variable 









Figure 4-2: Varus/Valgus Positioning of Testing Apparatus 
The testing block housing the capitellum was adjusted 5° varus and valgus at 90° of flexion 
through adjustment using a wedge. Height was correlated with 5° angulation and was measured 







Figure 4-3: Custom Radial Head Fits Investigated 
Custom radial head bone surrogate capable of creating a fixed fit as well as varying loose fits 
(OR1, OR2, and OR3) through the adjustment of metallic radial head hemiarthroplasty implant 








Following alignment of the radial head with the capitellum, a 50 N load was applied. Once 
system equilibrium was reached (following 3 seconds of consistent pressure), contact area and 
contact pressure in the joint was measured using a Tekscan 5051 sensor (Teskscan Inc., MA, US) 
for a 5-second duration at a rate of 5 frames per second. HyClone® Bovine Calf Serum was used 
to hydrate the specimen between trials (ThermoFisher Scientific). Per manufacturers protocol, a 
bladder was used before each specimen to calibrate the Tekscan sensor by applying constant 
pressure across the sensor surface4,6. A load cell was used to calibrate the load applied by the 
pneumatic actuator.  
Consistent with Chapter 3, a custom MATLAB code was created to process the data (Appendix 
A). Outcome measures provided by the code were contact area and contact area above 3 MPa, as 
well as average contact pressure. Contact area above 3 MPa (referred to as contact in the 
threshold area) was utilized as the sensors reached saturation across multiple trials, which 
deemed maximum contact pressure to not be a relevant measure for our present study (as 
described in Chapter 3).  
A 2 way repeated measures ANOVA investigating the effect of radial head hemiarthroplasty 
varus/valgus malalignment, as well as the effect of loose-fitting radial head implants during 
malalignment was done using SPSS (IBM, Armonk, New York, USA). The level of significance 
was defined as 0.05 with all significant values reported having a power of greater than 0.8. 
4.3 Results  
Stem fixation method had a significant effect on contact area (p=0.001), while angulation 
(neutral, 5° varus, and 5° valgus) did not (p=0.056). As shown in Figure 4-4, the native radial 
head had significantly higher contact area when in 5° varus than in neutral positioning (p=0.018).  
When the native radial head was positioned in 5° varus it had significantly greater contact area 
than the OR1, OR2, OR3, and fixed fixation methods (p<0.001, p=0.002, p=0.001 and p<0.001, 
respectively). Relative to the fixed stem at 5° varus, OR1, OR2, and OR3 all had significantly 
higher contact area (p=0.001, p=0.014, and p=0.002, respectfully). When the native radial head 
was positioned at 5° valgus it had significantly greater contact area than the OR1, OR2, and fixed 





Figure 4-4: Mean Contact Area for Varying Fixation Methods in Valgus, Neutral and 
Varus Rotation  
The contact area at 90° of flexion in valgus (5°), neutral, and varus (5°) rotation for the native 
state, as well as the 4 different fixations methods, tested. The mean is reported and ± one 











The threshold area for varying fixation methods in various rotation positions is compared in 
Table 4-1. Implant fixation method had a significant effect on the threshold area (p=0.017), 
while angulation did not (p=0.662). When in 5° varus, the native radial head saw significantly 
decreased contact in the threshold area relative to OR1 (p=0.034). At the same 5° varus position, 
OR1 saw significantly increased contact in the threshold area relative to OR3 (p=0.029).  
Table 4-1: Threshold Area for Varying Fixation Methods at 90° Flexion and Valgus (5°), 
Neutral, and Varus (5°) Rotation (in mm2) 
  Valgus Neutral Varus 
Fixed 16.2±6.6 17.1±5.6 13.9±5.0 
OR1 16.6±5.1 15.5±5.7 15.9±4.0 
OR2 14.0±6.7 13.5±7.1 13.5±6.0 
OR3 13.5±5.6 11.2±5.3 12.5±6.0 
Native Reference 12.0±8.6 13.9±7.4 9.5±7.9 
Average contact pressure was established by taking the aggregate sum of the contact pressure 
divided by the number of pixels that recorded contact on the sensor (same as in Chapter 3). The 
results of average contact pressure at 90° of flexion are presented in Figure 4-5. Neither implant 
fixation method nor angulation had a significant effect on average contact pressure (p=0.296 and 
p=0.739, respectively). It was found that when at 5° varus, OR3 had significantly lower average 
contact pressure than OR1 (p=0.048). As well, OR3 had significantly lower average contact 
pressure at 5° varus than fixed (p=0.009). At 5° valgus, OR2 had significantly lower average 






Figure 4-5: Average Contact Pressure for Varying Fixation Methods in Valgus, Neutral 
and Varus Rotation 
Valgus (5°), neutral, and varus (5°) rotation are assessed for each fixation method tested at 90° flexion, 
as well as comparison to the native state for reference. The mean is reported and ± one standard 










Representative contact pressure profiles are shown in Figure 4-6. As a result of the similar 
experimental setup to that found in Chapter 3, the location of contact pressure within the grid is 
not significant. Exact sensor positioning changed between trials as shifting between rotational 
positions and variables tested resulted in sensor movement. The variation in specimen 
geometries also affected the location of contact on the sensors, although sensor alignment and 
specimen orientation were held consistent between trials.  For the native state, neutral 
positioning showed the most centralized contact with both varus and valgus creating two distinct 
regions of contact as opposed to the one for the neutral position. When in the neutral position the 
contact pressure maps all exhibit centralized contact on the radial dish, with over reaming of 1 
mm providing the least secondary contact (not part of the main contact patch). In the valgus 
position, contact is consistently split into two patches for each variable tested. Relative to the 
fixed and native state, over reaming created contact patches that were larger and in closer 
proximity to each other in valgus. Varus positioning resulted in two contact patches for every 
state but fixed, which saw a singular contact pressure. The maximum contact pressure for both 
fixed and over reamed trials when in varus positioning occurred more posterior on the capitellar 







Figure 4-6: Tekscan Contact Pressure Profiles of Radiocapitellar Contact for Valgus, 
Neutral and Varus Alignment 
Representative Tekscan contact pressure profiles at 90° flexion are shown. The contact pressure 
of each trial averaged over the length of the trial is represented by each square. Each individual 
coloured square represents one sensel of the Tekscan sensor, which is 1.69 mm2. The sensor was 










A deeper understanding of the effect of radial head malalignment and the implications of radial 
head hemiarthroplasty stem fit in the case of malalignment may lead to further insight into the 
effectiveness of loose versus fixed fitting of these implants. Of note, stem fixation method had a 
significant effect on contact area, while angulation did have an effect having fallen just short of 
significance. The native radial head had lower contact area when aligned in 5° varus relative to 
the neutral position. The contact area of the native radial head in 5° valgus angulation was 
significantly greater than the fixed, OR1 and OR2 implants. This indicates that in valgus over 
reaming of 3 mm provided the closest contact area to the native state. When 5° varus angulation 
was assessed the native radial head had significantly greater contact area then all other variables 
tested. Interestingly, all three over reamed loose fixations saw significant increases in contact 
area when in varus relative to the fixed stem. With regards to contact area, these results 
demonstrate that a loose stem fit, as opposed to fixed, may mitigate the reduction of contact area 
resulting from implant malpositioning in varus and valgus for smooth metallic axisymmetric 
radial head implants.  
Threshold area was also reported, consistent with Chapter 3. This was chosen to represent the 
quantity of contact subjecting the cartilage to increased susceptibility to wear3,8,10,20 (as discussed 
in Chapter 3). Fixation method was found to have a significant effect, while angulation did not. 
With varus malalignment of 5°, OR1 showed significant increase in contact in the threshold area 
relative to the native radial head. OR3 had significantly lower contact in the threshold area when 
compared to OR1. This further emphasizes that when a loose stem implant is selected, over 
reaming of greater than 1 mm and closer to 3 mm will mitigate the effects of malalignment on 
threshold area.  
Average contact pressure showed significant trends across both varus and valgus malalignment, 
with fixed having significantly higher average contact pressure than OR3 and OR2. Furthermore, 
OR3 had significantly lower average contact pressure then OR1 when in varus, allowing the 
conclusion to be made across all measures of contact mechanics tested that larger over reaming 
of up to 3 mm provides more effective mitigation of the negative effects of radial head 
malalignment during hemiarthroplasty compare to the fixed and OR1 fits.  
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The contact pressure profiles seen in Figure 4.4 offered interesting insight into what was 
occurring during malalignment. When in valgus, a shift in contact pressure from one to two 
individual contact locations relative to neutral positioning may be due to a change in principal 
contact point. A 5° valgus change in positioning changed the predominant (highest connected 
contact area) region of contact of both the radial head and the implant more medially, as shown 
in Figure 4.3. Similarily, varus malalignment altered contact pressure maps relative to the neutral 
state, moving the contact more laterally and mimicking the valgus profiles buy creating two 
contact regions. The fixed stem implants showed lower overall contact area relative to both the 
native and the loose stem implants when in varus. Additionally, principal contact for the fixed 
and loose fitted implants shifted posteriorly on the capitellar surface relative to the native state 
when in varus. This may be due to the axisymmetric nature of the radial head implants tested as 
opposed to the more elliptical shape of the native radial head. When in varus the loose fitted 
contact pressure maps more closely mimicked that of the native state, likely due to the ability of 
the loose fit implant to move into a more favourable contact position, potentially mitigating some 
of the effects of the 5° varus malalignment.   
This study presents a comparison between varus, valgus, and neutral surgical alignment across 
various fixation methods for radial head hemiarthroplasty and the impact that fixation method 
has on mitigating the impact of surgeon malalignment on contact mechanics. Various loose fits 
were directly compared against a fixed fit and evaluated across several measures of contact 
mechanics including contact pressure maps, contact area, contact area above 3 MPa, and average 
contact pressure. As well, this study tested 11 specimens across three angulation positions.  
A limitation of this study was that soft tissue was not included during testing, including 
ligaments, muscles, and the joint capsule. Future studies should evaluate the impact of these soft 
tissues on radial head alignment and their impact on load transfer in the radiocapitellar joint. As 
contact area and contact pressure are primarily dependant on bone and cartilage properties, 
omitting these soft tissues likely did not have a significant effect on the outcome of these results. 
Additionally, the impact of implant malpositioning at different flexion angles should be 
evaluated in future studies. Further work assessing the impact of wear rate of the cartilage 
following malalignment and the various surgical fixation methods would be an important next 




This study investigated the impact of varus and valgus malalignment of the native radial head as 
well as following radial head hemiarthroplasty. It was found that at 90° for the native radial head, 
varus angulation resulted in a small but statistically significant increase in contact area relative to 
when the radial head was aligned neutrally. A 5° varus or valgus angulation did not have a 
significant impact on radiocapitellar contact mechanics. Following hemiarthroplasty, loose 
fitting implants were observed to mitigate the reduction of contact area from surgeon 
malalignment in varus and valgus angulation. When in varus or valgus a loose 3 mm over 
reamed fit was best at improving contact mechanics. It was found to reduce average contact 
pressure, reduce contact in the threshold area, and had higher contact area when in valgus. Over 
reaming a smooth stem axisymmetric radial head implant 3 mm improved elbow contact 
mechanics following malalignment into varus and valgus positions and may help to preserve the 
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5 Conclusions and Future Directions 
This chapter summarizes the objectives and hypotheses stated in Chapter 1, as well as 
the related outcomes from Chapters 2, 3, and 4. The strengths and limitations of the work 
presented in this thesis are reviewed, as well as the future directions in which to expand 



















As optimal fixation technique of radial head prosthesis in the proximal radius currently falls to 
surgeon preference, investigation into the impacts of ‘fixed’ fitting stems compared with over-
reaming to provide a ‘loose’ fit stem was performed. Finite element analysis was conducted to 
determine the effects of a loose fit for a smooth stem radial head hemiarthroplasty compared 
with a fixed fit on radiocapitellar contact mechanics (including both contact area and contact 
stress), with the native radiocapitellar joint being modelled as a control. Additionally, cadaveric 
testing was conducted to further investigate the implications of stem fit on radiocapitellar contact 
mechanics. Cadaveric testing was also completed to assess the impact of surgical malalignment 
in varus and valgus. This study assessed the impact of a loose fit compared with a fixed fit for a 
smooth stem axisymmetric radial head hemiarthroplasty on contact mechanics in the cases of 
varus and valgus implant malalignment.  
A review of the specific objectives and hypotheses (as presented in Chapter 1) and results of 
Chapter 2 (The Effect of Stem Fit on the Radiocapitellar Contact Mechanics of a Metallic 
Axisymmetric Radial Head Hemiarthroplasty: Is Loose Fit better than Rigidly Fixed?), Chapter 
3 (In-Vitro Cadaveric Assessment of the Effect of Loose Fitting Radial Head Hemiarthroplasty 
Implants), and Chapter 4 (The Effect of Varus/Valgus Surgical Malalignment of Radial Head 
Hemiarthroplasty Implants on Contact Mechanics: Does Loose Fitting Improve Contact 
Mechanics following Malalignment) are described in the sections below.  
As presented in Chapter 1, the specific objectives of this research were: 
1. to quantify the effect of radial head hemiarthroplasty stem fit using computational 
modeling for a series of cadaveric specimens, 
2. to validate the outcomes of quantifying radial head hemiarthroplasty stem fit 
computationally through a bench top cadaveric study, 
3. to assess the implications of malalignment of an axisymmetric radial head 
hemiarthroplasty implant in varus or valgus for press-fit and loose-fit (over reamed) stem 
fits. (comparison against native is also present). 
The hypotheses and findings as described in Chapters 2, 3, and 4 are reviewed and summarized 
in the following sections.  
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5.1.1 Chapter 2 – The Effect of Stem Fit on the Radiocapitellar Contact Mechanics of a 
Metallic Axisymmetric Radial Head Hemiarthroplasty: Is Loose Fit better than Rigidly 
Fixed? 
The first objective of this thesis was to quantify the effect of radial head hemiarthroplasty stem 
fit using computational modeling. A series of 10 three-dimensional elbow models were made 
using CT data from fresh-frozen cadaveric elbows. Finite element analysis was performed 
utilizing ABAQUS v6.14 (Simulia Corp, Providence, RI, USA) during which a commonly used 
axisymmetric implant shape was compared with the native state at various laxities of fixation. 
Fixation ranged from fixed (with respect to the radius), which disallowed motion and mimicked 
a press fit, to over reamed fits of 1, 2, and 3 mm (OR1, OR2, and OR3). A 100 N compressive 
load was applied to the radius, articulating it with the capitellum. Implant rotation was limited to 
the maximum angle specified for each fit, with the fixed stem fit not permitted to rotate out of 
plane. A non-linear interface modelling approach was used which was previously found to yield 
contact areas within 10% of those acquired through cadaveric experimentation3. 
It was hypothesized that a loose stem fit would be advantageous in terms of radiocapitellar 
contact mechanics, with a reduction in radiocapitellar joint incongruency, increased contact area, 
and decreased contact stress, by virtue of the ability of the loose implant to find its ‘optimal’ 
position again the native capitellum.  
The study indicated that utilizing a ‘loose’ fit achieved by an over reamed stem provided 
improved contact mechanics (contact area and maximum contact stress) relative to a fixed fit 
stem. Using a fixed fit with an axisymmetric metallic radial head implant produced the highest 
maximum cartilage stress and was shown to least effectively distribute these regions of high 
contact stress. A 1 mm over reamed stem fit did not have a significant impact on contact area but 
provided a reduced maximum contact stress. Over reaming by 2 mm showed the greatest 
decrease in maximum contact stress, but this came at the cost of a significant reduction in contact 
area. Stress concentrations on the capitellum increased with over reaming of 3 mm suggesting 
that there may be a limit to how much laxity should be permitted when loose fitting radial head 
hemiarthroplasty. These findings were consistent with the hypothesis, as it was concluded that 
loose fitting via over reaming a smooth stem axisymmetric radial head implant in the range of 1 
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to 2 mm may help improve elbow contact mechanics and to preserve the remaining native 




















5.1.2 Chapter 3 – In-Vitro Cadaveric Assessment of the Effect of Loose Fitting Radial Head 
Hemiarthroplasty Implants 
The second objective of this work was to investigate the effect of stem fit on metallic 
axisymmetric radial head hemiarthroplasty using an in-vitro study in an experimental benchtop 
cadaveric model. A specialized loading apparatus was used to achieve this, as described in 
Chapter 3. Eleven fresh frozen cadaveric elbows were tested at 0˚, 45˚, 90˚, and 135˚ of elbow 
flexion. A 50 N compressive force on the radius was applied, articulating the radius with the 
capitellum1. A custom radial head mount was used which allowed for testing of fixed fit, as well 
as 1 mm, 2 mm, and 3 mm over reamed stem fits. The contact area and pressure in the joint 
space were measured using a Tekscan 5051 sensor (Tekscan Inc, MA, US).  
It was hypothesized that consistent results would be found to those reported by Szmit et al. 
(Chapter 2), who indicated that optimal contact mechanics occur in situations where over 
reaming of between 1-2 mm is performed2. This hypothesis was found to be supported, 
indicating that a loose fit for a smooth stem axisymmetric radial head implants provides 
improved contact mechanics (increased contact area, and reduced threshold area and average 
contact pressure) relative to a fixed fit. It was found however that over reaming of 2 to 3 mm 
showed the greatest improvement in contact mechanics. A fixed fit axisymmetric metallic radial 
head implant was less effective in distributing high contact stress regions, increasing contact in 
the threshold area (above 3 MPa), and subsequently increasing susceptibility to capitellar 
cartilage degradation.   
This study indicated that over reaming of a smooth stem axisymmetric radial head implant by 2 
to 3 mm leads to improved elbow contact mechanics relative to fixed fitting. This improvement 





5.1.3 Chapter 4 – The Effect pf Varus/Valgus Surgical Malalignment of Radial Head 
Hemiarthroplasty Implants on Contact Mechanics: Does Loose Fitting Improve Contact 
Mechanics following Malalignment 
The third objective of this work was to first establish the effects of varus/valgus malalignment of 
the radial head in both the native state and following hemiarthroplasty in-vitro, and secondly 
examine whether a loose fit mitigated negative effects of malalignment relative to a fixed fit. 
This was accomplished by utilizing a specialized loading apparatus, as described in Chapter 4. 
Eleven fresh frozen cadaveric elbows were tested at 90° flexion, with a 50 N force applied via an 
actuator to the radial head, and later radial head implant, articulating it with the native 
capitellum1. Testing was conducted in the neutral radial head position, as well as 5° varus and 5° 
valgus relative to the capitellum. All three conditions were tested for the native state, fixed fit 
and 1, 2, and 3 mm over reamed loose fit stem fixations.  
It was hypothesized that radial head malalignment would result in suboptimal radiocapitellar 
contact mechanics, with negative effects being mitigated by the loose fit compared to the fixed 
fit. For the native state, varus angulation significantly increased contact area relative to neutral 
alignment. This was the only significant indication for the native state, suggesting varus/valgus 
angulation does not substantially impact radiocapitellar contact mechanics in the intact condition. 
Following hemiarthroplasty, the use of a loose fit relative to a fixed fit was shown to mitigate the 
reduction of contact area from surgeon malalignment in varus and valgus angulation. A 3 mm 
over reamed loose fit improved contact mechanics by reducing average contact pressure, 
reducing contact in the threshold area, and offered high contact area when in valgus. This 
suggested that over reaming a smooth stem axisymmetric radial head implant in the region of 3 
mm may help to preserve the remaining native capitellar cartilage, mitigating the impact of 






5.2 Strengths and Limitations 
For this present work, there were strengths and limitations to be noted.  
For the finite element computational portion of this work the strengths included: repeated 
assessment of each specimen and the associated response to each stem fit compared to the native 
state, the use of repeated CT data acquisition both intact and in air (n=10) to acquire accurate 
bone and cartilage geometry, and the use of region-specific bone material properties based on CT 
attenuation. A strength of the in-vitro studies within this thesis is the relatively large quantity of 
cadaveric specimen tested (n=11). As well, the specialized loading apparatus used in Chapter 3 
and Chapter 4 was calibrated before testing to ensure high repeatability between trials. 
Randomization of the angle of flexion as well as the order of testing of fixation method and 
malalignment were done to ensure time-dependent variations between specimens were mitigated. 
To our knowledge thus far, no studies have investigated the effect of loose fitting a smooth stem 
radial head hemiarthroplasty implant.  This study supplemented the research gap on this topic 
and was the first to study both the impact of loose fitting radial head hemiarthroplasty using 
finite element and in-vitro assessment and the impact of varus/valgus malalignment of the 
radiocapitellar joint. This study was also the first to report the influence of loose stem fitting 
following implant malalignment on contact mechanics following radial head hemiarthroplasty.  
Some limitations existed within the finite element study of this thesis. These limitations included 
the assumptions associated with finite element analysis. These assumptions comprised of the 
material models applied to the bone and cartilage, in addition to the contact algorithms selected 
in the modeling process, although previous work has shown that these assumptions provide less 
than 10% error for contact area3. These errors were present across all models, although we are 
confident in the comparisons presented in this work as all outcome variables were compared to 
the intact state. Additionally, this study may not reflect all implants as a smooth stem metallic 
axisymmetric implant design was tested. A limitation of the in-vitro studies was that soft tissue 
was not included during testing, including the joint capsule, muscles, and ligaments.  
Furthermore, the impact of various flexion angles was not evaluated for the study presented in 




5.3 Future Directions 
The work presented in Chapters 2, 3, and 4 of this thesis successfully achieved the specific 
objectives presented in Chapter 1. This research contributes to a deeper understanding of the 
clinical and surgical implications of loose fitting metallic axisymmetric radial head 
hemiarthroplasty. Furthermore, this work provides a greater understanding of the impact of 
radiocapitellar joint malalignment and the potential implications loose fitting radial head 
hemiarthroplasty has on joint contact mechanics. However, the opportunity to further investigate 
the impact of loose fitting radial head hemiarthroplasty in neutral and varus/valgus malalignment 
positions still exists.  
Future studies should evaluate the influence that soft tissue has on contact mechanics within the 
radiocapitellar joint, and specifically load transfer within the joint. Moreover, modeling 
including soft tissue in future work would likely provide contact mechanics that more closely 
mimic that of those found in-vivo. Future work should additionally include the testing of a series 
of different radial head hemiarthroplasty implants (i.e. shapes and materials) under these same 
conditions. As well, the work presented in Chapter 4 should be expanded to include added 
flexion angles to assess the impact of flexion on varus/valgus malalignment. An in-vitro 
tribology study that assesses the wear rate of native cartilage following varying stem fits would 
be a fitting next step for this work. This would allow for the assessment of the long term 









5.4 Significance and Conclusion 
A greater understanding of the effects of radial head hemiarthroplasty fixation method on contact 
mechanics is critical in the effort to preserve the remaining native capitellar cartilage and 
improve clinical outcomes. Knowledge of the effect of varus/valgus malalignment of the native 
and post radial head hemiarthroplasty radiocapitellar joint and the impact of stem fit on the joint 
in positions of malalignment provides valuable insight. The use of a loose stem fit for a smooth 
stem axisymmetric radial head hemiarthroplasty has been shown to have the potential to improve 
clinical outcomes and to mitigate the effects of malalignment. The findings in this study show 
the importance of stem fixation method and the resulting influence of different methods on 
radiocapitellar contact mechanics. This thesis improves the knowledge of the effect of fixation 
method and will help guide implant development as well as surgical techniques to optimize 
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Appendix A – Custom MATLAB Code for Data Processing 








% WriteDir = WriteFile Folder 
files1 = dir('**'); 
files1(1:2) = []; 
totalFiles = numel(files1); 
 
loopcount=1; 
SpotINloop = 1; 
OverallArray = zeros(500,50); 
 
for j =1:totalFiles 
    Fileaddress{j,1}=strcat(folderPath1,'\',files1(j).name); 
 
Frame1 = xlsread(Fileaddress{j,1},'A30:AR73'); 
Frame2 = xlsread(Fileaddress{j,1},'A76:AR119'); 
Frame3 = xlsread(Fileaddress{j,1},'A122:AR165'); 
Frame4 = xlsread(Fileaddress{j,1},'A168:AR211'); 
Frame5 = xlsread(Fileaddress{j,1},'A214:AR257'); 
Frame6 = xlsread(Fileaddress{j,1},'A260:AR303'); 
Frame7 = xlsread(Fileaddress{j,1},'A306:AR349'); 
Frame8 = xlsread(Fileaddress{j,1},'A352:AR395'); 
Frame9 = xlsread(Fileaddress{j,1},'A398:AR441'); 
Frame10 = xlsread(Fileaddress{j,1},'A444:AR487'); 
Frame11 = xlsread(Fileaddress{j,1},'A490:AR533'); 
Frame12 = xlsread(Fileaddress{j,1},'A536:AR579'); 
Frame13 = xlsread(Fileaddress{j,1},'A582:AR625'); 
Frame14 = xlsread(Fileaddress{j,1},'A628:AR671'); 
Frame15 = xlsread(Fileaddress{j,1},'A674:AR717'); 
Frame16 = xlsread(Fileaddress{j,1},'A720:AR763'); 
Frame17 = xlsread(Fileaddress{j,1},'A766:AR809'); 
Frame18 = xlsread(Fileaddress{j,1},'A812:AR855'); 
Frame19 = xlsread(Fileaddress{j,1},'A858:AR901'); 
Frame20 = xlsread(Fileaddress{j,1},'A904:AR947'); 
Frame21 = xlsread(Fileaddress{j,1},'A950:AR993'); 
Frame22 = xlsread(Fileaddress{j,1},'A996:AR1039'); 
Frame23 = xlsread(Fileaddress{j,1},'A1042:AR1085'); 
Frame24 = xlsread(Fileaddress{j,1},'A1088:AR1131'); 
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Frame25 = xlsread(Fileaddress{j,1},'A1134:AR1177'); 
 
FrameAverage = (Frame1 + Frame2 + Frame3 + Frame4 + Frame5 + Frame6 + Frame7 + 
Frame8 + Frame9 + Frame10 + Frame11 +... 
    Frame12 + Frame13 + Frame14 + Frame15 + Frame16 + Frame17 + Frame18 + Frame19 + 
Frame20 + Frame21 + Frame22 + Frame23... 




BinaryXaveRefined = zeros(44,44); 
for i=1:44 
    for k=1:44 
        if XaveRefined(i,k)>0 
            BinaryXaveRefined(i,k)=1; 
        end 
    end 
end 
 
 [B,L,n,A] = bwboundaries(BinaryXaveRefined,'holes'); 
imshow(label2rgb(L, @jet, [.5 .5 .5])) 
hold on 
for l = 1:length(B) 
   boundary = B{l}; 




max = 0; 
 
[row,col]=size(L); 
count = zeros(n,1); 
for c=1:n 
    for i=1:row 
        for m=1:row 
            if L(i,m)==c 
                count(c,1) = count(c,1)+1; 
            end 
        end 




BIGsection = 0; 
for c = 1:n 
    if count(c,1) > max 
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        max = count(c,1); 
        BIGsection = c; 
    end 
end 
 
BIGshapeedge = B{BIGsection,1}; 
xvalBIGSHAPE = BIGshapeedge(:,1); 
yvalBIGSHAPE = BIGshapeedge(:,2); 
polyin = polyshape(xvalBIGSHAPE.',yvalBIGSHAPE.');  
[center_x,center_y]=centroid(polyin);  
 
for q = 1:46 
    for l = 1:46 
        if q > center_x+15 || q < center_x-15  
            XaveRefined(q,l) = 0; 
        end 
        if l >center_y+15 || l<center_y-15  
            XaveRefined(q,l) = 0; 
        end 
    end 
end 
 
INCONTACT = 0; 
for q = 1:44 
    for p = 1:44 
        if XaveRefined(q,p)>0 
            INCONTACT = INCONTACT +1; 
        end 
    end 
end 
INCONTACT; 
Area = INCONTACT * 0.00000169; 
Area_mm = Area * 1000000; 
 










    for m=1:44 
        if XaveRefined(l,m)<=100 
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            XaveRefined(l,m)=XaveRefined(l,m)*0.0057-0.02265; 
        else 
            XaveRefined(l,m)=0.1681*exp(0.0118*XaveRefined(l,m)); 
        end 
        if XaveRefined(l,m)<0 
            XaveRefined(l,m)=0; 
        end 
        max(l,m)= XaveRefined(l,m)* FrameAverage(l,m); 
        if XaveRefined(l,m)>MaxCPRESS 
            MaxCPRESS=XaveRefined(l,m); 
        end 
         
        sum=sum+XaveRefined(l,m); 
         
        if XaveRefined(l,m)>0 && XaveRefined(l,m)<=0.5 
            A = A+1; 
        elseif XaveRefined(l,m)>0.5 && XaveRefined(l,m)<=1 
            B=B+1; 
        elseif XaveRefined(l,m)>1 && XaveRefined(l,m)<=1.5 
            C=C+1; 
        elseif XaveRefined(l,m)>1.5 && XaveRefined(l,m)<=2 
            D=D+1; 
        elseif XaveRefined(l,m)>2 && XaveRefined(l,m)<=2.5 
            E = E+1; 
        elseif XaveRefined(l,m)>2.5 && XaveRefined(l,m)<=3 
            F = F+1; 
        elseif XaveRefined(l,m)>3 && XaveRefined(l,m)<=3.5 
            G=G+1; 
        end 
             
    end 
end 
 
SUMincontac = A+B+C+D+E+F+G; 
A = A/SUMincontac*100; 
B = B/SUMincontac*100; 
C = C/SUMincontac*100; 
D = D/SUMincontac*100; 
E = E/SUMincontac*100; 
F = F/SUMincontac*100; 
























Z = griddata(xlin,ylin,XaveRefined,X,Y); 
s = surf(X,Y,Z); 
[Xq,Yq] = meshgrid(1:0.33333333:46); 
Zq = interp2(xlin,ylin,XaveRefined,Xq,Yq); 
s=surf(Xq,Yq,Zq); 












Output2Excel = {'File Name','Contact Area','MaxCPRESS';Fileaddress{j,1}, Area_mm, 
MaxCPRESS}; 
SpotIN = {'A1','A45','A89','A133','A177','A221','A265','A309','A353','A397','A441',... 
    'A485','A529','A573','A617','A661','A705','A749','A793';'D1','D45','D89','D133','D177',... 





    Location=char(SpotIN(1,SpotINloop)); 
    Location2=char(SpotIN(2,SpotINloop)); 
    writecell(Output2Excel,Outputfilename,'Sheet',1,'Range',Location); 




    Location=char(SpotIN(1,SpotINloop)); 
    Location2=char(SpotIN(2,SpotINloop)); 
    writecell(Output2Excel,Outputfilename,'Sheet',1,'Range',Location); 
    writematrix(XaveRefined,Outputfilename,'Sheet',1,'Range',Location2); 
    SpotINloop = 0; 
elseif j>9 && j<18 
    Location=char(SpotIN(1,SpotINloop)); 
    Location2=char(SpotIN(2,SpotINloop)); 
    writecell(Output2Excel,Outputfilename,'Sheet',2,'Range',Location); 
    writematrix(XaveRefined,Outputfilename,'Sheet',2,'Range',Location2); 
elseif j==18 
    Location=char(SpotIN(1,SpotINloop)); 
    Location2=char(SpotIN(2,SpotINloop)); 
    writecell(Output2Excel,Outputfilename,'Sheet',2,'Range',Location); 
    writematrix(XaveRefined,Outputfilename,'Sheet',2,'Range',Location2); 
    SpotINloop = 0;     
elseif j>18 && j<27 
    Location=char(SpotIN(1,SpotINloop)); 
    Location2=char(SpotIN(2,SpotINloop)); 
    writecell(Output2Excel,Outputfilename,'Sheet',3,'Range',Location); 
    writematrix(XaveRefined,Outputfilename,'Sheet',3,'Range',Location2); 
elseif j==27 
    Location=char(SpotIN(1,SpotINloop)); 
    Location2=char(SpotIN(2,SpotINloop)); 
    writecell(Output2Excel,Outputfilename,'Sheet',3,'Range',Location); 
    writematrix(XaveRefined,Outputfilename,'Sheet',3,'Range',Location2); 
    SpotINloop = 0;    
else j>27 
    Location=char(SpotIN(1,SpotINloop)); 
    Location2=char(SpotIN(2,SpotINloop)); 
    writecell(Output2Excel,Outputfilename,'Sheet',4,'Range',Location); 









OUTPUTforSPSS2 ={files1(j).name; Area_mm; MaxCPRESS}; 






SpotIN2 = {'B2','C2','D2','E2','F2','G2','H2','I2','J2','K2','L2','M2','N2','O2','P2','Q2',... 
    'R2','S2','T2','U2','V2','W2','X2','Y2','Z2','AA2','AB2','AC2','AD2','AE2','AF2','AG2','AH2',... 
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